In addition to its effects on macrophage function, macrophage-stimulating protein (MSP) is a growth and motility factor for epithelial cells. The growth and survival of epithelial cells generally require two signals, one generated by interaction with extracellular matrix via integrins, the other initiated by a growth factor. Therefore we investigated the effect of MSP on epithelial cell survival. Survival of epithelial cells cultured overnight in serum-free medium was promoted by adhesion, which activated both the phosphatidylinositol 3-kinase (PI3-K)/AKT and mitogen-activated protein kinase ( 
Apoptosis, or programmed cell death, is a mechanism for the regulation of tissue morphogenesis and homeostasis. It controls tissue cell number by elimination of either damaged cells or excess normal cells. Apoptosis can be detected by altered cell morphology and intranucleosomal DNA fragmentation (35, 51) . Active suppression of apoptosis via incoming survival signals is necessary for cell survival. In the case of anchorage-dependent cells like epithelia and endothelia, suppression of apoptosis depends on attachment of cells to the extracellular matrix (ECM) and the presence of growth factors (7, 8, 27, 53, 54, 77, 84) .
Cell-ECM interaction is mediated via integrins, transmembrane noncovalently linked heterodimeric receptors consisting of ␣ and ␤ subunits (37, 40) . When integrin-ECM interaction is inhibited, anchorage-dependent cells undergo apoptosis (27, 28, 66) . Cell-ECM disruption-induced apoptosis is called anoikis (homelessness) (27, 28) . It occurs in vivo in normal skin (62) , the digestive tract (34) , the involuting mammary gland (7) , and at the cavitation step of embryogenesis (11) . The anchorage independence of neoplastic epithelial and endothelial cells is a reflection of their resistance to anoikis, which is one of the factors contributing to metastatic potential (26, 71, 74) .
In addition to integrin-ECM interactions, growth factors can also protect cells from various types of apoptosis (22, 76, 87) , including anoikis (8, 77) . Integrins and growth factors may mediate their antiapoptotic effects via activation of the same pathways (60, 61, 71) .
Among the intracellular signal transduction molecules that are involved in suppressing anoikis in anchorage-dependent cells, the roles of focal adhesion kinase (FAK), phosphatidylinositol 3Ј-kinase (PI3-K), and AKT have received considerable attention. FAK, which is generally believed to be directly associated with ␤ integrins (58, 68) , plays a critical role in suppressing anoikis in some experimental systems. Constitutive activation of FAK is sufficient to rescue epithelial cells from anoikis (29) , whereas apoptosis occurs if FAK is inhibited by expression of FAK-antisense oligonucleotides (86) , by a peptide representing the FAK-binding site of ␤1 integrin, or by anti-FAK antibodies (36) . Anoikis does not occur in cells expressing activated src or ras oncogenes (27, 44, 45, 52) or PI3-K or AKT kinase (44, 45) . In v-src-transformed cells, hyperphosphorylation of FAK was observed (27) , which suggests that anoikis resistance of v-src-transformed cells may be related to activation of FAK by src.
PI3-K activity is associated with antiapoptotic signaling in many cell types, including neurons, fibroblasts, and epithelial and hematopoietic cells (5, 21, 42, 43, 60, 69) . PI3-K transduces the antiapoptotic effect of selected growth factors (6, 20, 73) by activating AKT (25) , a serine-and threonine-specific kinase also known as PKB (1, 19) . Activation of the PI3-K/AKT pathway is also the basis for protection of epithelial cells from anoikis by transfection of activated ras (44, 45) .
Another important regulator of apoptosis is mitogen-activated protein kinase (MAPK) (12, 85) . MAPK is activated by both growth factors and integrins (47, 57, 72) . MAPK is required for survival signaling in response to FGF (30, 33) , EGF (55) , and insulin-like growth factor 1 (IGF 1) (56, 59) . Growth factor deprivation leads to a dramatic inhibition of MAPK activity (85) that might be directly related to apoptosis induction, since inhibition of MAPK causes apoptosis (5, 85) . Although there is no direct evidence that MAPK plays a role in integrin-mediated antiapoptotic signaling, it has been shown that integrins are linked to the MAPK pathway via the adapter protein Shc, and Shc regulates integrin-mediated cell survival (83) . These data suggest that MAPK may contribute to integrin-mediated antiapoptotic effects.
Macrophage-stimulating protein (MSP) is an 80-kDa heterodimer belonging to the plasminogen-related protein family (18, 88) . MSP was found as a serum protein that regulates the motility of macrophages (49, 50) . Recent investigations have shown that MSP is also a growth and motility factor for epithelial cells (79) , and it regulates integrin-dependent epithelial cell adhesion and motility (15; A. Danilkovitch and E. J. Leonard, J. Leukoc. Biol. Suppl., p. 19, 1997) . MSP mediates its activity via the RON-STK receptor tyrosine kinase (31, 38, 64, 80, 82) . It induces tyrosine phosphorylation and catalytic activity of a number of signal transduction proteins, including FAK, c-src, MAPK (13) , and PI3-K (81). Since each of these molecules is involved in protection by growth factors from apoptosis in selected cell systems, we hypothesized that MSP may have the capacity to inhibit apoptosis of epithelial cells. Accordingly, we studied the effects of MSP on epithelial cell anoikis, as well as apoptosis of adherent cells under serum-free conditions. dominant-negative AKT-expressing cells. After 24 h of cell incubation without serum in the presence of the inhibitors, with or without 5 nM MSP, all cells (adherent and detached) were collected. Apoptosis was quantified by TUNEL staining or DNA fragmentation ELISA.
Detection of apoptosis. Apoptosis was measured either with a TUNEL staining kit (Boehringer Mannheim) or by a DNA fragmentation ELISA method using the cell death detection ELISA kit (Boehringer Mannheim) according to the manufacturer's instructions. Also, apoptosis was detected in total cell lysates by Western blotting with anti-PARP or with anti-CPP32 antibodies (see "Immunoprecipitation, immunoblotting, and immunocomplex kinase assays" below).
Expression vectors. The mouse FAK mutant Y397F and K454R cDNAs containing three HA tags in a pcDNA3 plasmid (70) were kindly provided by D. Schlaepfer (Scripps Research Institute, La Jolla, Calif.). The chicken c-Src mutant K295M/Y527F (MF) and ⌬251 (with deletion of the kinase domain) cDNAs in a CAIO vector were kindly provided by P. Schwarzberg (National Institutes of Health, Bethesda, Md.). The AKT kinase-dead cDNA mutant K195M in a cytomegalovirus vector (pCMV) (16) was kindly provided by K. Datta (Fox Chase Cancer Center, Philadelphia, Pa.).
Transient transfections and positive selection of transfected cells. RE7 cells at 70% confluence in 15-cm-diameter dishes were transiently transfected with 20 g of various cDNA constructs or empty vectors as controls and simultaneously cotransfected with 5 g of MACS4 (Miltenyi Biotec, Auburn, Calif.) using SuperFect (Qiagen, Santa Clarita, Calif.). After 36 h of incubation, transfected cells were separated with the MACS4 magnetic bead kit and used for experiments.
Cell stimulation and lysis. Transfected and nontransfected starved cells were stimulated with 5 nM MSP for 15 min. For experiments with inhibitors, the cells were pretreated with 100 nM wortmannin (WTM) or 50 M LY294002 or PD98059 or with a combination of LY294002 and PD98059 for 15 min and then stimulated with MSP for 15 min. For time course experiments, the cells were stimulated with 5 nM MSP for different times, from 2 to 60 min. After stimulation, the cells were lysed in lysis buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 10% glycerol, 1 mM EDTA, 1 mM sodium orthovanadate, 10 mM sodium pyrophosphate, 100 mM NaF, 1% Triton X-100, 10 g of leupeptin/ml, 10 U of aprotinin/ml, 1 mM phenylmethylsulfonyl fluoride [PMSF]). Insoluble material was removed by centrifugation. Supernatants were used for immunoprecipitation, immunoblotting, and immunocomplex kinase assays in vitro.
Immunoprecipitation, immunoblotting, and immunocomplex kinase assays. Expression of FAK, AKT, and c-Src dominant-negative constructs in total cell lysates of transfected cells was detected by immunoblotting with anti-HA, anti-AKT, and anti-Src antibodies, respectively.
For kinase assays, FAK, c-Src, or AKT was immunoprecipitated from cell lysates by anti-FAK, anti-Src, or anti-AKT antibodies. Immunoprecipitates (IPs) were washed twice in HNTG buffer (50 mM HEPES [pH 7.4], 150 mM NaCl, 0.1% Triton X-100, 10% glycerol) and twice in kinase buffer (20 32 P]ATP (3,000 Ci/mmol; 10 Ci/ml) was added, and IPs were incubated for 15 to 30 min at 30°C in a 15-l total volume. For c-Src and AKT kinase assays, exogenous substrate rabbit enolase (10) or histone H2B (16) was added to the reaction mixture at a concentration of 0.5 g/reaction. The reactions were stopped with 5 l of 4ϫ sample buffer. Phosphorylated FAK, AKT or its substrate histone H2B and rabbit enolase as a substrate of c-Src were visualized after sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) by autoradiography.
MAPK activation was determined in total cell lysates (15 g/lane) by Western blotting analysis using anti-phosphoMAPK (New England BioLabs) or anti-ERK1 (Transduction Laboratories) antibodies.
Cleavage of CPP32 caspase by cells kept in suspension for 8 h in the absence or presence of 5 nM MSP was detected as a decrease in uncleaved CPP32 in total cell lysates by immunoblotting with antibodies to uncleaved CPP32.
Cleavage of PARP by cells kept in suspension overnight in the absence or presence of 5 nM MSP was detected in total cell lysates by immunoblotting with anti-PARP antibodies, which recognize both 116-kDa PARP and the 85-kDa apoptosis-related cleaved PARP fragment.
Detection of MAPK translocation. Starved RE7 cells (MDCK cells stably expressing RON receptor) were stimulated with 5 nM MSP for 15 min either in suspension or on coverslips. Cell incubation with medium alone served as a negative control. After stimulation, MAPK translocation from the cytoplasm into the nucleus was detected by indirect immunofluorescence analysis and by Western blotting of separated cytoplasmic and nuclear cell fractions.
Indirect immunofluorescence. Stimulated and nonstimulated cells were fixed in 3.7% formaldehyde in phosphate-buffered saline (PBS) for 30 min and then permeabilized with 0.5% Triton X-100 in PBS for 5 min at room temperature. Nonspecific sites were blocked by incubation with PBS containing 0.1% normal goat serum for 30 min at room temperature. The coverslips were incubated with primary anti-phosphoMAPK antibodies (New England BioLabs; 1:1,000 dilution) for 1 h and then with secondary goat anti-mouse antibodies labeled with fluorescein isothiocyanate (Sigma; 1:100 dilution). After each step the coverslips were extensively washed in PBS, and after a final washing the coverslips were mounted in Vectashield mounting medium (Vector Laboratories, Burlingame, Calif.) and examined under epifluorescent illumination. Parental MDCK cells, which do not respond to MSP, served as a control for MSP effects. Cells stained with secondary antibodies only served as a control for staining specificity.
Isolation of cytoplasmic and nuclear cell fractions. After stimulation with MSP, suspended cells (2 ϫ 10 6 ) were washed three times with Tris-buffered saline (TBS), with subsequent pelleting by spinning in a microcentrifuge, and then the cell pellets were resuspended in 400 l of cold buffer A (10 mM HEPES [pH 8.0], 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 0.5 mM PMSF). Adherent cells were washed three times by addition of TBS directly onto 10-cm-diameter dishes, and then 400 l of cold buffer A was added per dish, and the cells were scraped and transferred into Eppendorf tubes. After that, the collected adherent and suspended cells were allowed to swell on ice for 15 min, after which 25 l of 10% NP-40 (Sigma) was added, the tubes were vortexed, and the homogenates were centrifuged for 30 s in a minicentrifuge. The supernatants containing cytoplasm and RNA were transferred to fresh tubes and stored frozen at Ϫ70°C or immediately used for experiments. The nuclear pellets were washed five times with buffer A and then resuspended in 50 l of ice-cold buffer B (20 mM HEPES [pH 8.0], 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF) and incubated on ice for 15 min with occasional vortexing. The nuclear extracts were centrifuged for 5 min in a minicentrifuge at 4°C, and supernatants were immediately frozen at Ϫ70°C or used for experiments. Protein concentrations in cytoplasmic and nuclear extracts were measured with a BioRad protein assay kit, and samples containing 20 g were prepared and used for SDS-PAGE and Western blotting (see "Immunoprecipitation, immunoblotting, and immunocomplex kinase assays" above).
RESULTS
MSP prevents epithelial cell anoikis. Epithelial cells become apoptotic when they are prevented from adhering to extracellular matrix or to tissue culture plastic. This type of apoptosis is referred to as anoikis (27) . We tested the effect of MSP on the survival of epithelial cells under conditions that lead to anoikis. Anoikis was induced by incubation of cells in dishes coated with poly-Hema, which prevents cell attachment (24) . We used the MDCK-RE7 epithelial cell line, which stably FIG. 1. MSP prevents anoikis in RE7 cells. For induction of anoikis, epithelial cells from regular petri dishes were transferred to poly-Hema-coated dishes. Poly-Hema prevents the attachment of cells to plastic, and nonattached cells undergo apoptosis, which was quantified by TUNEL staining after overnight incubation in serum-free medium (A and B) or in the presence of 5 nM MSP (C and D). Cells attached to uncoated petri dishes in serum-free medium were also evaluated (E and F). Left panels, 4Ј,6-diamidino-2-phenylindole (DAPI)-stained blue nuclei demonstrating the total number of cells in the field; right panels, fluorescein isothiocyanate-stained apoptotic cells in the same field.
expresses RON, the receptor for MSP. The parental MDCK cell line with undetectable RON was used as a negative control. After overnight incubation in serum-free medium with or without 5 nM MSP, apoptosis was quantified by TUNEL staining. Figure 1 shows that MSP protected MDCK-RE7 cells from anoikis. There were more than 40% apoptotic cells in medium alone (Fig. 1A and B) and fewer than 10% in cultures with 5 nM MSP (Fig. 1C and D) . Unlike with cells in suspension, the percentage of apoptotic cells in serum-free medium attached to the surfaces of uncoated petri dishes ( Fig. 1E and  F) was less than 5%. These findings were confirmed by an ELISA that quantifies DNA fragmentation (data not shown).
Using TUNEL staining ( Fig. 2A ) and immunoblot analysis of PARP cleavage (Fig. 2B) , we demonstrated that MSP also prevented the anoikis of mouse PAM212 and human HaCat and NOC keratinocyte cell lines that express endogenous MSP receptor as well as the MDCK-RON cell line, which stably transfected and expressed MSP receptor at a level comparable with endogenous expression. MSP did not prevent the anoikis of parental MDCK cells (Fig. 2) .
MSP activates FAK, c-Src, and MAPK, but inhibition of one or another of these kinase activities does not interfere with the antianoikis effect of MSP. Interaction of epithelial cells with ECM proteins occurs via integrin receptors (9), engagement of which leads to activation of diverse intracellular signals, including FAK and c-Src. Cells transfected with either activated FAK or c-Src are protected from anoikis (27, 29, 45) . MSP, which protected cells from anoikis ( Fig. 1 and 2) , has also been shown to activate FAK and c-Src (13). Therefore, it was relevant to study anoikis in cells in which FAK or c-Src was inhibited. We transiently overexpressed dominant-negative kinase-dead K454R or tyrosine autophosphorylation site Y397F FAK mutants or kinase-inactive c-Src MF or ⌬251 mutants in RE7 cells. Expression of FAK or c-Src was detected in total cell lysates of successfully transfected cells after selection with a MACS4 select kit (Fig. 3A) . Transfected cells were used for detection of MSP-induced FAK and c-Src kinase activity (Fig.  3B ) and for study of MSP antianoikis activity (Fig. 3D) . The data show that despite blockage of the catalytic activity of either FAK (Fig. 3B, left) or c-Src (Fig. 3B, right) , MSP could still protect cells from anoikis (Fig. 3D) . As an additional control, we tested the response of cells expressing FAK mutants to being plated on collagen-coated dishes. Expression of either the Y397F or K454R FAK mutant blocked collageninduced FAK phosphorylation (data not shown).
MSP also activates MAPK, a kinase that may be in a pathway that supports cell survival (85) . To block activation of MAPK, cells were treated with 50 M PD98059 inhibitor (2), which prevented MSP-induced phosphorylation of MAPK (Fig. 3C ). For experiments with anoikis, cells were incubated overnight with PD98059 in the presence or absence of 5 nM MSP. Although PD98059 inhibited MSP-induced MAPK phosphorylation (Fig. 3C) , it did not block the antianoikis effect of MSP (Fig. 3D) .
The data on FAK, cSrc, and MAPK show that although MSP activates each of these components, and any one of them might be contributing to the antianoikis effect of MSP, blocking any one of them alone does not prevent MSP action. This is in contrast to AKT, as described below.
MSP activates AKT kinase by a PI3-K-dependent mechanism. We next tested the possible role of AKT kinase as a component of the signal cascade mediating the antiapoptosis action of MSP because (i) several growth factors and cytokines mediate their antiapoptotic effects via AKT, (ii) AKT is a downstream component of PI3-K in the case of several growth factor receptors, and (iii) MSP causes activation of PI3-K (81) and protects cells from apoptosis (see data above). Stimulation of cells with MSP led to AKT activation that began within 5 min and returned to baseline by 1 h (Fig. 4A) . To determine whether AKT is downstream of PI3-K, we treated the cells with WTM, a specific inhibitor of PI3-K when used in nanomolar concentrations (63, 75) . WTM prevented activation of AKT by MSP, which shows that MSP-induced AKT activation is PI3-K dependent (Fig. 4B) , and that AKT is in the MSP/RON signaling pathway, downstream of PI3-K.
Expression of kinase-dead AKT in epithelial cells inhibits the antianoikis effect of MSP.
To clarify the role of AKT in MSP signaling, we used a kinase-dead AKT construct with substitution of Met for a Lys residue in the ATP-binding site of the kinase domain (K179M) (16) . We transiently transfected cells with this mutant AKT cDNA or pCMV as a vector control and tested the effect of MSP on epithelial cell anoikis. Kinasedead AKT blocked MSP antianoikis action (Fig. 5A) , as detected by a DNA fragmentation ELISA. Overexpression of kinase-dead AKT inhibited MSP-dependent endogenous AKT activation (Fig. 5B) .
In addition, we detected an effect of dominant-negative AKT expression on CPP32 (caspase 3) cleavage. Cleavage of CPP32 correlates with activation of this enzyme and induction of apoptosis (15, 23) . Treatment of suspended cells with MSP prevented cleavage of CPP32 to its active form, whereas cleavage occurred in cells with kinase-dead AKT (data not shown).
Apoptosis due to serum deprivation in adherent cell cultures is prevented by MSP via either an AKT or MAPK pathway. Adherent epithelial cells can survive in vitro in the absence of serum, due in part to the fact that adherence leads to low-level, but prolonged, activation of the PI3-K/AKT pathway (45) . Interference with this pathway causes apoptosis of adher- ent cells (45, 46, 87) . As shown in Fig. 5A , the PI3-K/AKT pathway is involved in the protection of suspended epithelial cells from anoikis by MSP. To extend this finding, we investigated the MSP antiapoptotic effect on adherent epithelial cells cultured in the absence of serum. We blocked the PI3-K/AKT pathway in RE7 epithelial cells attached to the surfaces of plastic petri dishes in serum-free medium by overexpression of kinase-inactive AKT or by treatment of cells with the PI3-K inhibitor LY294002 (67, 78) . Under these conditions, we found more than 30% apoptotic cells after 24 h of culture (Fig. 6A) . We conclude that apoptosis in serum-free medium was prevented, at least in part, by activation of a PI3-K/AKT pathway. However, whereas MSP did not protect suspended cells from anoikis if AKT was inhibited (Fig. 5A) , MSP prevented adherent epithelial cell apoptosis, despite inhibition of AKT activity by either LY294002 or overexpressed kinase-dead AKT (Fig.  6B, bottom) . These results indicate that there is more than one pathway that mediates antiapoptotic effects on adherent epithelial cells. The following experiments identified an additional pathway. Inhibition of the MAPK pathway with PD98059, an inhibitor of MEK1 and -2 (Fig. 6B, top) , caused the appearance of more than 30% apoptotic cells within 24 h, and MSP protected these cells from apoptosis, presumably via the PI3-K/AKT pathway (Fig. 6A) . When both PI3-K and MAPK pathways were blocked simultaneously, the number of apoptotic cells increased to 70%, and MSP had no protective effect (Fig.  6A) . The following biochemical data showed that AKT and MAPK are located in different MSP-activated pathways. Treatment of cells with the PI3-K inhibitor LY294002 or overexpression of kinase-dead AKT inhibited MSP-induced activation of AKT without affecting MAPK, and conversely, the MAPK inhibitor PD98059 blocked activation of MAPK by MSP without affecting AKT (Fig. 6B) . The data show that MSP-induced activation of either the PI3-K or MAPK pathway is sufficient to rescue adherent epithelial cells from apoptosis. This is in contrast to the anoikis conditions, in which PI3-K/ AKT is essential for mediating the antiapoptotic effect of MSP (Fig. 5A) and activation of the MAPK (Fig. 3C ) pathway apparently cannot prevent anoikis.
Translocation of MSP-activated MAPK from the cytoplasm into the nucleus occurs in adherent cells but not in suspended cells. The above-mentioned experiments show that adhesion is required for MSP to mediate an antiapoptotic effect via the MAPK pathway. Comparison of the cellular localization of MSP-activated MAPK (phosphoMAPK) in suspended and adherent cells showed by two independent methods that MSP induced translocation of phosphoMAPK from the cytoplasm into the nuclei of adherent cells but not of cells in suspension (Fig. 7) . Although the absence of detectable phosphoMAPK in the nuclei of suspended cells might be attributed to insufficient sensitivity, this is unlikely in view of the intense fluorescence in the suspended-cell cytoplasm and its absence from the nuclei. This difference was found despite similar levels of MSP-induced activated MAPK in the isolated cytoplasmic fraction of adherent and suspended cells (Fig. 7B) . Addition of the MEK inhibitor PD98059 to RON-expressing RE7 cells blocked both MSP-induced MAPK activation (Fig. 3C ) and adhesion-dependent MAPK translocation (data not shown). Thus, there are two requirements for MSP-induced MAPK translocation to the nucleus, MAPK activation and epithelial cell adhesion.
DISCUSSION
The present work provides the first evidence that MSP is a survival factor for epithelial cells. The molecular mechanism of MSP-mediated antiapoptotic action in serum-free medium depends on whether epithelial cells are suspended or adherent. MSP inhibited the anoikis that developed when cells were cultured overnight under conditions that prevented adherence to substrate (Fig. 1C and D, 2, 3D , and 5A). Anoikis has been inhibited by other growth factors, including hepatocyte growth factor (HGF) (27) , IGF-1 (77), insulin, and NGF (8), but intracellular signaling pathways have not been determined. Inasmuch as MSP causes activation of numerous intracellular mediators (13), the problem was to identify which ones mediated inhibition of anoikis. It was previously reported that MSP caused binding of PI3-K to the RON receptor. Stimulation of motility by MSP was dependent on the concomitant phosphorylation and activation of PI3-K (81) . We now show that prevention of anoikis by MSP involves PI3-K-dependent activation of AKT (Fig. 4) . This pathway is essential, since dominant-negative AKT prevented the antianoikis action of MSP (Fig. 5A) . The role of activation of AKT in MSP-dependent prevention of anoikis is a new finding. In a different model, transfection with an activated ras oncogene made MDCK cells resistant to anoikis via the PI3-K/AKT pathway, which was necessary and sufficient to mediate the protective effect (45) . Thus, PI3-K/ AKT is a common pathway for anoikis prevention, in which PI3-K is activated by direct interaction with a growth factor receptor in one case and by ras in the other.
Despite activation by MSP of FAK, c-Src, and MAPK, these signals were not involved in the antianoikis action of MSP (Fig.  3) . However, FAK-and possibly all three of these mediators-is involved in protection from apoptosis when normal epithelial cells are attached to ECM via integrins (28) . Taking protection via the PI3-K/AKT pathway as an example, there are two routes leading to its activation, one via a growth factor like MSP and the other via integrin ligation. In the case of MSP, activation of PI3-K is direct, since this enzyme is bound to ligated RON and concomitantly activated. Activation of PI3-K subsequent to integrin ligation also occurs. Candidate pathways are initiated either by FAK phosphorylation or by association of the adapter protein Shc with ligated integrin, which can lead to PI3-K activation via Ras.
In addition to studying anoikis, we studied apoptosis of adherent epithelial cells under serum-free conditions. In the absence of added growth factors, two independent pathways operate to prevent apoptosis of adherent, serum-free epithelial cells. One pathway involves PI3-K/AKT and the other includes MAPK. The number of apoptotic cells resulting from inhibition of either pathway alone was approximately doubled by simultaneous inhibition of both pathways (Fig. 6A) . This shows that each pathway makes a partial contribution to the prevention of apoptosis. In the presence of an inhibitor of either pathway, MSP increased the activity of the other pathway so that the single pathway alone was sufficient to prevent apoptosis. Although sufficiently high concentrations of LY294002 may inhibit kinases in addition to PI-3K (39, 65) , the similarity of the effects of dominant-negative AKT and low concentrations of LY294002 in these experiments is consistent with specific inhibition of PI3-K.
The presence of independent PI3-K and MAPK antiapoptotic pathways has recently been shown for HeLa cells. Addi- tion of a MAPK inhibitor to cells in serum-free medium resulted in phosphorylation and activation of the proapoptotic kinase p38. This was prevented by serum, and the protective effect of serum was mediated by the PI3-K/AKT pathway (5). Other recent publications suggesting more than one pathway for prevention of apoptosis include data on the response to IGF-1 of UV-irradiated fibroblasts (46) , the protection of neurons from apoptosis by NGF (60) , and IGF-1-mediated survival of brown adipocytes (56) .
MSP activates MAPK in both suspended and adherent cells. Despite activation of MAPK in MSP-stimulated suspended cells (Fig. 3C) , MAPK mediates MSP antiapoptotic effects only on adherent cells (Fig. 3D and 6 ). This suggests that adhesion to uncoated plastic induces a signal that enables activated MAPK to protect against apoptosis. Our view is that cell adhesion initiates the required cooperating signals, which can be adherence to tissue culture plastic or in vivo adherence to ECM. Disruption of the cortical actin network that maintains the spread morphology of cells interfered with adherencedependent enhancement of growth factor signaling to MAPK (3, 41) .
Just as we have shown that a cell adhesion signal is required for prevention of apoptosis via the MAPK pathway, Le Gall et al. reported that an anchorage-dependent signal in addition to MAPK was required for cell cycle progression (48) . It is becoming evident that signals from adhesion receptors can affect both proliferative and apoptotic responses. Both growth factors and anchorage are required for transition from the G 0 to S phase of the cell cycle by controlling D1 cyclin induction (4, 32, 48) . Prevention of cell adhesion leads to a decrease of cyclin-dependent kinase activity and accumulation of the active form of retinoblastoma (Rb) protein. Active Rb suppresses the transcription factor E2F, which leads to apoptosis of selected cell lines (17) . Thus, our data together with data in the literature show that growth factors and adhesion-activated pathways cooperate in the control not only of cell growth and differentiation but also of cell survival. Adhesion-dependent pathways that promote MAPK translocation remain to be identified.
